We present a voltage programmable polymer light emitting field-effect transistor (LEFET), consisting of a green emitting polymer (F8BT), and a ferroelectric polymer, P(VDF-TrFE), as the gate dielectric. We show by both experimental observations and numerical modeling that, when the ferroelectric gate dielectric is polarized in opposite directions at the drain and source sides of the channel, respectively, both electron and hole currents are enhanced, resulting in more charge recombination and $10 times higher light emission in a ferroelectric LEFET, compared to the device with non-ferroelectric gate. As a result of the ferroelectric poling, our ferroelectric LEFETs exhibit repeated programmability in light emission, and an external quantum efficiency (EQE) of up to 1.06%. Numerical modeling reveals that the remnant polarization charge of the ferroelectric layer tends to 'pin' the position of the recombination zone, paving the way to integrate specific optical out-coupling structures in the channel of these devices to further increase the brightness.
Soluble polymer semiconductors have seen a large research and development effort in the past 10 years as they can be processed at ambient temperature, starting from soluble, ink-like materials. The recent realization of ambipolar currents in polymer field-effect transistors [1] has enabled the fabrication of polymer light emitting field-effect transistors (LEFETs) [2] [3] [4] . The higher current densities [5] in these devices compared to those in diode-type devices may help to reach population inversion which is a prerequisite for an electrically driven organic laser. Apart from the possible use in an organic lasing device, LEFETs may be used for lowloss light signal transmission in optoelectronic integrated circuits. The light output of the LEFETs is yet too low for many practical applications. Several approaches have been proposed to increase the light output by using for instance bilayer structures composed of p-type and n-type semiconductors [6] [7] [8] [9] , organic heterostructures in the channel [10, 11] , improved injection of both carriers by tuning the work functions of injecting contacts [3, 12] , adding small amounts of semiconducting carbon nanotubes [13] , incorporating optical structures [14, 15] and multiple gates [16] . The drawback of these methods is that they add complexity to the fabrication process. In this work, we present a new strategy to improve the LEFET performance using a ferroelectric polymer as the gate dielectric. When the ferroelectric gate dielectric is polarized in opposite directions at the drain and source sides of the channel, both electron and hole currents are enhanced, resulting in more charge recombination and higher light emission. We show by both numerical modeling and experimental results that channel current as well as light-emission efficiency is increased in a ferroelectric LEFET compared to the device with non-ferroelectric gate dielectric. 
Experimental
Transistors in this study were prepared on a thick thermally grown layer of SiO 2 on top of a silicon support wafer. First, source and drain electrodes were made by lithographically patterning a 30 nm-thick gold layer. A 1-propanethiol monolayer was deposited on Au source-drain electrodes to improve the electron injection [12] . Then, a 70 nm-thick polyfluorene derivative, poly(9,9-di-n-octylfluorene-alt-benzothiadiazole), F8BT (purchased from Sigma Aldrich and used as received), was spincoated from anhydrous O-xylene (Sigma Aldrich) solution under N 2 and subsequently annealed at 120°C on a hotplate to achieve a balanced optical gain and charge transport for F8BT [12] .
On top of F8BT, a ferroelectric polymer layer of poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE) (ratio 77/23, w/w%), provided by Solvay Specialty Polymers, was spincoated under N 2 from anhydrous butyl acetate (Sigma Aldrich) solution with a thickness of 450 nm. The devices were annealed at 135°C on a hotplate for 1 h under N 2 to increase the crystallinity of the P(VDF-TrFE) film [17, 18] . For comparative purposes we also made transistors with two other fluorinated polymers as the dielectric layer: a 450 nm-thick polytrifluorethylene (PTrFE, from Solvay Specialty Polymers) and a 200 nm-thick AF2400 (from DuPont™ Teflon Ò , FC-75 as its solvent). Finally, as semi-transparent top gate, a 20 nm-thick gold electrode was evaporated in vacuum through a shadow mask. All transistors have a channel length and width of 5 lm and 10 mm, respectively.
Opto-electrical characterizations were performed in a dark and N 2 -filled glove-box (water and oxygen content below 0.1 ppm) at room temperature using an Agilent 4155C semiconductor parameter analyser. The sweeping speed for I-V scans was 1 V/s. Simultaneously, the light emission was measured by aligning a Si photodiode (Hamamatsu S2386-18K, photo-sensitivity = 0.3 A/W at wavelength of 500 nm) just above the surface of the emission area at a vertical height (H) of 3.5 mm. The dimensions (0.2 mm by 0.5 mm) of the emission area were smaller than the radius (r) of 0.55 mm of the active area of the photodiode. Assuming the angular dependence of the light emission from our devices is close to that of a Lambertian source [19] [20] [21] [22] [23] [24] , and the detection angle in our measurement geometry, h = arc tan(r/H), is small enough to justify a small-angle approximation [25] , i.e. tan(h) % h and cos(h) % 1Àh 2 /2, we can estimate the total photocurrent (I pÀtot ) from the measured photocurrent (I p ) by using the following relation: I pÀtot = (H/r) 2 Â I p . Finally the external quantum efficiency (EQE) was calculated from the total photocurrent (I pÀtot ) by using similar methods as previously reported [11] , which in our case can be simplified to: EQE % 62.27 Â (I p /I D ). The calculated EQE values for the two transistors presented in Fig. 3 (in Section 3.2) reach 0.45% and 0.16% for the P(VDF-TrFE) and PTrFE device, respectively (shown as insets of Fig. 3B and D). The EL spectra were recorded with an AvaSpec Avantes Fiber Optic spectrometer.
Results and discussion

Opto-electrical characterizations & operation mechanism of ferroelectric LEFETs
The chemical structures of the materials used, together with the schematic layout of the LEFET, are shown in Fig. 1 (detailed device preparations are described in Section 2). Source, drain and gate electrodes are made of gold. A polyfluorene derivative, poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) (F8BT), was used as the semiconductor. F8BT is a well-studied material in combination with LEFETs because of its high light emission in the visible range and the fact that ambipolar currents can be attained in this material from Au as the injecting contacts [4, [26] [27] [28] . A random copolymer of poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE) (ratio 77/23, w/w%), was used as the ferroelectric gate dielectric, with a layer thickness of $450 nm. The ferroelectric layer, because of its remnant polarization, can adopt either of two stable remnant polarization states. Switching from one polarization state to the other occurs by applying a sufficiently large electric voltage over the ferroelectric layer, in our case $30 V [29] . When the polarization of the ferroelectric gate dielectric is oriented towards the gate electrode, positive counter charges (holes) are induced in the semiconductor at the semiconductor/ferroelectric interface, i.e. the transistor channel. As a result, the onset of hole accumulation in a p-type semiconductor shifts to a more positive gate bias. Similarly, the opposite polarization state of the gate dielectric shifts the onset voltage of electron accumulation to a more negative gate voltage. When the polarization is oriented towards the gate electrode at the source side of the channel and in the opposite direction at the drain side, it should be possible to accumulate more holes at the source and simultaneously more electrons at the drain side of the channel, respectively. This is illustrated schematically in Fig. 1B . Typical bistable transfer characteristics are presented in Fig. 2A . The simultaneously measured light emission (photocurrent I p ) is shown in Fig. 2B . The source electrode was grounded (V S = 0 V) and the gate bias (V G ) was swept from +60 V to À60 V and back to +60 V, while V D was kept at À60 V. Arrows indicate the direction of the hysteresis. Because of the large V D , the electric field over the ferroelectric dielectric is strongly dependent on the position in the channel. For all gate voltages, the drain current exceeds the associated gate current. This means that the drain current is predominantly due to charge transport in the semiconductor channel. Relatively low drain currents are observed at positive gate bias compared to the currents observed at negative gate bias. This indicates that the electron mobility is much lower than the hole mobility. We estimate electron and hole mobilities of 10 À5 cm 2 /Vs and 10 À3 cm 2 /Vs, respectively. Below we will come back to the possible origin of the low electron mobility.
At V G = +60 V (i.e. V GS = +60 V and V GD = +120 V) the ferroelectric film is poled in the same direction at the source and drain sides of the channel. At about À30 V of gate bias during the forward sweep, V GS (=À30 V) exceeds the coercive field of the ferroelectric film. The ferroelectric polarization direction is reversed at the source side. Meanwhile at the drain side of the channel the coercive field is not reached and the polarization direction is unchanged. The P(VDF-TrFE) film is now poled in opposite directions at the source and drain electrodes, respectively. The negative polarization at the source side is compensated by the accumulated holes in the channel. Because of the much higher hole mobility the drain current shows a sudden increase. The hole mobility amounts to the order of 10 À3 cm 2 /Vs, in agreement with literature data [4, 12] . Also at V G = À30 V light emission sets in, indicating the formation of a p-n recombination zone in the semiconductor channel. Both drain current and light emission increase with further sweeping of V G to À60 V. This means that the polarization of the ferroelectric stabilizes the n-type accumulation at the drain side even though V GD = 0 V. Upon sweeping back the gate bias, the ferroelectric remains polarized and a distinct clockwise hysteresis in drain current and light emission is observed (Fig. 2) . The ratio of drain-current (I D ) in the ON and OFF state was approximately 4 Â 10 2 at a gate bias of À20 V, with a modulation in light emission of 7 Â 10 2 . During the return sweep, at about V G = + 30 V the coercive field is reached again at the source side. The ferroelectric polarization at the source side is switched back to its initial state. The polarization is now positive again at both the source and drain sides of the channel. Hence the channel is depleted of holes. The drain current is low again and concomitantly the light emission becomes negligible from this point during the backward sweep.
In Fig. 2 the backward sweep was performed directly after the forward sweep, i.e. the device was biased continuously during the measurement. Next, we backward swept the same device from À60 V to +60 V after leaving the contacts unbiased (floating) for ca. Fig. 2B backward) . When the contacts of the device were floated prior to the measurement (Fig. 3B) , negligible light emission is observed at V G = À60 V. This suggests that either there is no charge recombination (i.e. no p-n junction), or charge recombination does not lead to light generation (i.e. excitons are quenched). Apparently, the polarization that stabilized the n-type accumulation at Fig. 2 is lost upon floating the contacts. We tentatively attribute it to the depolarization fields that arise when charges leak away from the device [30, 31] . Loss in polarization state when no bias is applied is considered detrimental for use in non-volatile memories. In our ferroelectric LEFETs, however, this is not the case since light generation always requires an applied bias. When the gate is swept towards positive voltages, light emission becomes noticeable from around V G = À30 V, i.e. when the gate-drain bias V GD exceeds +30 V (coercive field). The onset of the light emission therefore coincides with the change in polarization direction of the ferroelectric gate dielectric at the drain electrode side. This polarization favors accumulation of electrons in the channel at the drain side, and leads to the formation of a more efficient light emitting p-n junction. Upon further increasing the gate bias, the light emission increases (Fig. 3B) . It peaks at ca. À11 V. At its maximum the light output (I p ) is similar to the value obtained at the same gate voltage for the backward sweep without bias interruption (Fig. 2B backward) . Also the switching OFF at positive gate voltages is very similar as in Fig. 2B . When the voltage-dependent emission is measured at lower V DS (À50 V instead of À60 V) with lower V G ranges, similar hysteretic light-emission characteristics are observed (Fig. S1, Supplementary data) . The maximum value of the light emission is lower for the case of V DS = À50 V, as it approximately scales with channel current.
Comparison between ferroelectric and non-ferroelectric LEFETs
Summarizing the results in Figs. 2 and 3A , B, the ferroelectric polarization clearly modulates the light output. Moreover, the presence of oppositely poled regions on the source and drain sides of the channel seems to enhance and stabilize the light emission. In order to substantiate these conclusions, we numerically simulated the effect of ferroelectric polarization on semiconductor channel properties. In particular, charge density, recombination current and position of the recombination zone are calculated as a function of applied gate voltage. Details of numerical simulations are given in Section 3.5 below. Experimentally, we prepared transistors using two other fluorinated polymers as gate dielectric films: Teflon Ò AF2400 and PTrFE. Nonpolar polymer dielectrics without hydroxyl (-OH) groups were frequently used in combination with organic semiconductors as they usually provide devices with high electron currents [1, 32] . AF2400 is a nonpolar low-k polymer (dielectric constant of 2.1) [33] . Well-balanced electron and hole currents were observed when AF2400 was used as the gate dielectric (Fig. S2, Supplementary data) . The light emission was however negligible. In contrast to AF2400, PTrFE is a semicrystalline polymer and highly polar just like the P(VDF-TrFE) copolymer, but its ferroelectric polarization is negligible [31, 34] . Measurement of D-E curve for a capacitor with our PTrFE insulator layer (450 nm-thick) verified this lack of ferroelectricity (Fig. S3, Supplementary data) . The similarity between PTrFE and P(VDF-TrFE) is also expressed in their equivalent relative dielectric constant (k) of $13, as extracted from the D-E curves on our capacitors, and in line with previous literature value [28] . The transfer curve and gate leakage current of the PTrFE transistors are presented in Fig. 3C as a function of the gate bias. At positive gate bias the drain currents are much lower than those at negative gate bias. Hence, contrasting with AF2400 (Fig. S2 ) but similar to the P(VDF-TrFE) transistors, the hole current is much higher than the electron current in PTrFE device. Because in all these transistors only the dielectric was varied and the semiconductor and contact metals were kept identical, the fact that well-matched electron and hole currents were realized in AF2400 transistors can rule out the possibility that the low electron currents in P(VDF-TrFE) and PTrFE transistors were due to the semiconductor (F8BT) itself. We can therefore attribute the low electron currents in P(VDF-TrFE) and PTrFE transistors to their dielectric interface that is apparently unfavorable to electron transport [1, 32] . Because the gate dielectric thicknesses, channel lengths and widths were the same for the P(VDF-TrFE) and PTrFE transistors presented in Fig. 3 , we can directly compare the magnitude of their transistor currents and photocurrents. The maximum hole and electron currents of the PTrFE transistor are lower by a factor of 10 compared with the P(VDF-TrFE) device. Similarly, the maximum light output (I p ) of PTrFE device is about one order of magnitude lower (Fig. 3D) . This comparison confirms the positive influence of the ferroelectric polarization in the P(VDFTrFE) transistor on the current densities and light output.
The broad, unstructured electroluminescence (EL) spectra of the P(VDF-TrFE) and PTrFE transistors are shown in Fig. S4 (Supplementary data) . The EL spectra with their emission maxima at $538 nm are characteristic of F8BT and in good agreement with earlier studies [4, 12] . Using reported methods [11] we calculated the external quantum efficiency (EQE) of P(VDF-TrFE) and PTrFE transistors from the total photocurrent (detailed calculations are given in Section 2: Experimental). We obtained a maximum value of 1.06% and 0.16% for the P(VDF-TrFE) and PTrFE transistors, respectively. The maximum EQE of the F8BT/ P(VDF-TrFE) transistors is comparable or higher than the values previously reported for this semiconductor [4, 12, 26, 28] , despite the relatively low electron mobility in our transistors. We believe that further optimizations, particularly higher and better matched electron currents, will lead to a further increase in device efficiency. One route, also based on the improved electron transport in our AF2400 transistors, would be to fabricate a LEFET with a double stack of a very thin nonpolar low-k dielectric layer such as AF2400 and a much thicker P(VDF-TrFE) film, with the thin AF2400 layer interfacing the polymer semiconductor and ferroelectric. Such a device was recently reported by Naber et al. [28] . A low-k dielectric, polycyclohexylethylene (PCHE), layer was inserted between F8BT and P(VDFTrFE). In that work the high-k value of P(VDF-TrFE) was exploited. This led to higher charge densities and well-balanced electron and hole currents. The EQE was 0.75%. Polarization of the ferroelectric layer was not observed: the device showed hysteresis-free transfer curves. The relatively thick PCHE film of 120 nm resulted in a significant depolarization field [28, 35, 36] .
Programmability of ferroelectric LEFETs
As mentioned, the light emission of our P(VDF-TrFE) transistors displays a hysteresis loop due to polarization reversal of the ferroelectric gate dielectric (Fig. 2B) . A gate bias window exists wherein the light output may have either of two levels depending on the actual polarization state of the ferroelectric gate dielectric. The maximum difference in light emission was 7 Â 10 2 at V G = À20 V. The switching characteristics of the P(VDF-TrFE) transistor are depicted in Fig. 4 , showing the time evolution of its light emission. Gate voltage pulses with a duration of 200 ms and a pulse height of ±60 V were used, effectively programming the transistor into a non-emissive OFF-state or a nonvolatile emissive ON-state. The drain voltage was kept constant at À60 V. The drain currents during the read-out steps (at V G = À20 V) were on the order of 10 À6 A in the ON state and of 10 À9 A in the OFF state. The modulation of the light emission (I p ) was close to a factor of 10 3 . In addition to the switching behavior, a relatively small relaxation of the ON-state emission (I p ) was observed in Fig. 4 . The devices can be switched for $100 cycles without obvious degradation (Fig. S5, Supplementary data) .
Recombination zone in ferroelectric LEFETs
The recombination zone in conventional LEFETs can be moved across the whole channel length by varying the applied bias. This was shown experimentally and modeled theoretically as two conjunct saturated channels of holes and electrons [3] . The fact that the light emission can be controlled to be far away from the metal electrodes, which are the main source of emission losses, is seen as an attractive attribute of the light emitting transistors. Preferably the recombination zone is fixed at a pre-defined position. This would open the possibility to further increase the device light output, for instance, by incorporating optical structures such as a distributed Bragg reflector in the channel [14, 15] . Undesired small variability in mobility and threshold voltages of the electrons and holes during fabrication as well as charge-trapping effects during operation make it however difficult to fabricate LEFETs with the recombination zone at a pre-defined position. Here, our ferroelectric transistors provide another advantage. The gate voltage required to switch the ferroelectric polarization depends on the thickness of the P(VDF-TrFE) film, not on the properties of the semiconducting layer. It provides therefore another, independent, device parameter for optimization. Furthermore, here it is theoretically shown that the recombination zone is to a certain extent 'pinned' by the opposite ferroelectric polarization directions on the source and drain sides of the recombination zone, effectively lowering the influence of the semiconducting parameters. We modeled the effect of the ferroelectric polarization on the position of the recombination zone. For the non-ferroelectric case, the position shifts almost linearly with applied gate bias (Fig. 5A , Section 3.5). This profile is essentially identical to that reported previously [3] . Interestingly, in the ferroelectric transistor the position of the recombination zone becomes less dependent to variations in applied gate bias and shows hysteresis (Fig. 5B , Section 3.5). This can intuitively be understood as the surface charge density induced by the ferroelectric polarization charge is typically very large (several milliCoulombs up to maximal 75 mC/m 2 ) as compared to the gate-induced surface charge density. Hence, small variations in gate bias do not lead to changes in the polarization of the ferroelectric and thus not to shifts of the recombination zone.
Numerical simulations for position of recombination zone and recombination current
Numerical simulations of the channel characteristics of an 'ideal' polymer light emitting field-effect transistor were performed based on the gate dielectric with or without ferroelectricity. The model consists of two major parts: a description of the ferroelectric, including the P-E hysteresis behavior, and a calculation of the transport of electrons and holes by solving the coupled drift, continuity and Poisson equations on a one-dimension grid [37] . The first part of the model is based on dipole switching theory [38, 39] . It assumes that a ferroelectric consists of hysteretic units (hysterons) characterized by, in our case, a Gaussian distribution of coercive fields. Each hysteron is assumed to switch when this is energetically favorable. In this way, the model reproduces non-saturated inner polarization loops and accounts for depolarization effects [40, 41] . Device operation was then calculated by forward integration in time. In each time step, the mobile and polarization charge densities are calculated and used to update the electrostatic potential.
The following parameters were used in the simulation:
-Channel length, L = 10 lm, regular grid of 40 cells.
-Thickness of the dielectric: 200 nm.
-Relative permittivity, e r = 13.
-Thickness of the accumulation layer: 1 nm. In Fig. 5A and B the evolution of the position of the recombination zone vs. applied gate voltage for a non-ferroelectric and ferroelectric transistor is shown. At all applied gate voltages the transistor is operated in the bipolar regime and emits light. The simulated results without ferroelectric polarization (Fig. 5A) compare well with the analytical model that was derived from the simple quadratic equation for the saturation current [3] :
The simulation of the ferroelectric device (Fig. 5B ) is different in a number of ways: (i) The position of the recombination zone shows hysteresis, (ii) in two regions of applied gate voltages, À50 to À35 V and À25 to À10 V, the position of the recombination zone is insensitive to the value of the gate voltage, and (iii) the recombination zone does not completely move to the contacts, i.e. it stays in the central part of the channel. These pinning effects originate from the fact that the polarization of the ferroelectric gate insulator can be changed only when the applied voltage over the film exceeds the value of the coercive voltage (V c ) that is around 10 V in our case. When the applied gate voltage reaches À50 V, the potential in the channel (V), around the recombination zone, equals À40 V, being V G + V c . Since the ferroelectric polarization dominates the charge density in the channel, the magnitude of the charge density is almost constant in the channel; concomitantly, since l e = l h in this calculation, the channel conductivity is almost constant and the voltage profile is almost linear. The recombination zone (V = À40 V) therefore sits at roughly two thirds of the channel (V DS = À60 V), counted from the source contact. In order to move the recombination zone towards the source, the polarization at the recombination zone needs to be modified. In particular, this requires a voltage drop across the ferroelectric that exceeds V c in magnitude and is negative. Hence, the recombination zone can be anticipated to shift for V G À V c > À40 V, which is indeed (approximately) found in Fig. 5B . Differences between these hand waving explanations and the actual calculations are related to the presence of the compensating charges in the semiconducting channel that stabilize the polarization of the ferroelectric gate insulator, and the distribution of coercive fields. The same explanation holds for the second plateau (i.e. V G : À25 to À10 V). In Fig. 6 the recombination currents of the two LEFETs are plotted as a function of gate voltage. The sweeping scheme is the same as discussed above. The presence of the ferroelectric (Fig. 6B ) enhances the injection of both electron and hole currents resulting in more charge recombination as compared to the non-ferroelectric case (Fig. 6A) . Moreover, in case of the ferroelectric gate insulator also the recombination current shows hysteresis (Fig. 6B) , which is consistent with the previously discussed hysteresis in the position of the recombination zone, shown in Fig. 5B .
In addition, we also modeled the behavior of less ideal ferroelectric transistors, i.e. lower mobilities and unbalanced charge transport. We found that the absolute value of the mobilities is not influencing the position of the recombination zone. With increasingly unbalanced charge mobilities, however, the hysteresis loop becomes smaller and the position of the recombination zone remains closer to the drain contact. 'Pinning' of the recombination zone still occurs. This is shown in Fig. S6 (Supplementary data). 
Conclusions
In summary, a programmable light emitting thin-film transistor is realized combining a solution-processed polymeric semiconductor and a ferroelectric gate dielectric. We demonstrate that integration of the ferroelectric dielectric offers a number of important advantages. Firstly, the charge density in the channel is increased, resulting in a higher light output. An external quantum efficiency of 1.06% has been demonstrated, which is $7 times higher than the value obtained for a similar non-ferroelectric device. Secondly, the light emission also displays a hysteresis loop, and the device exhibits repeated light programmability. Thirdly, numerical modeling demonstrates that the position of the recombination zone becomes less sensitive to small variations in applied gate bias: the remnant polarization charge of the ferroelectric layer 'pins' the position of the recombination zone. The latter opens the way to integrate specific optical out-coupling structures in the channel of these devices to further increase the brightness. Both the higher current densities and the possibility to integrate optical out-coupling structures such as distributed Bragg reflectors may help to reach population inversion which is a prerequisite for an electrically driven organic laser. A B Fig. 6 . Modeling of the recombination current density as a function of gate voltage for a transistor with a non-ferroelectric (A: 'PTrFE') and a ferroelectric (B: 'P(VDF-TrFE)') gate dielectric. Note the different scales of the y-axes in A and B, i.e. $6 times higher current density in the case of ferroelectric (B), compared to the non-ferroelectric (A) gate.
